Introduction -3 -
The design and preparation of third-row transition metal based emitters is a major challenge in the development of organic light-emitting diodes (OLEDs) and associated technologies.
1 Platinum(II) metal complexes have been extensively investigated due to their unique square-planar molecular motif, capability of inducing fast singlet-to-triplet intersystem crossing, and tunable luminescence across the whole visible region. 2 A number of efficient Pt(II) phosphors have been developed, which can be classified by the bonding modes of chelates, namely: dianionic tetradentate chelates, and monoanionic tridentate and bidentate chelates. The tetradentate arrangement of chelate is expected to increase the stability and luminescence efficiency, both are key factors for improving the external quantum efficiency (EQE) to the theoretical limit of 20 30%. 3 The second and third classes of Pt(II) based OLED phosphors are those bearing one tridentate chelate plus an anionic ancillary, 4 and with two monoanionic bidentate chelates arranged in either homoleptic or heteroleptic coordination mode, 5 respectively. Furthermore, it has been reported that both monomeric and lower energy excimer emission can be detected with adjustment of the sterically encumbered substituent(s) on the peripheral chelates as well as the OLED configurations.
6
-4 - In developing new class of Pt(II) based phosphors, we sought to synthesize Pt(II)
complexes by replacing diimine with either functional pyridine-carbene 10 or dicarbene chelates. 11 A third option is the imidazolylidene-pyridylidene (Chart 2) which can be generated by deprotonation of imidazolium-pyridinium pro-ligand in the presence of NaHCO 3 , followed by in-situ stabilization with a metal reagent such as Pt(DMSO) 2 Cl 2 . Moreover, the imidazolylidene-pyridylidene chelates are expected to possess much higher-lying π*-orbitals compared to a typical N-heterocyclic carbene, 12 apparently by the reduced π-conjugation, strong σ-donating and weak π-accepting character, thus exemplifying the novelty vs. other Pt(II) complexes. In this paper, we report both of their preparation and intriguing photophysics as solid-state aggregates by both experimental and computational methods. Finally, we describe the fabrication and report the performances of phosphorescent OLEDs using two of these Pt(II) complexes as emitters.
-5 -Chart 2. Structural relationship between diimine and imidazolylidene-pyridylidene.
Experimental section:
General Procedures. All reactions were performed under nitrogen. Solvents were distilled over appropriate drying agents prior to use. Commercially available reagents were used without further purification. The 3,3'-bis-pyrazole chelates, i.e.
5,5'-(1-methylethylidene)-bis-(3-trifluoromethyl-1H-pyrazole) (mepzH 2 ), 5,5'-di(trifluoromethyl)-3,3'-bis-pyrazole (bipzH 2 ), and 5,5'-di(pentafluoroethyl)-3,3'-bis-pyrazole (biepzH 2 ) were obtained from Claisen condensation using ethyl trifluoroacetate and 3,3-dimethylpentane-2,4-dione, or employment of ethyl trifluoroacetate or ethyl pentafluoropropionate and 2,3-butanedione, followed by treatment of the obtained β-diketone intermediate with hydrazine hydrate in refluxing ethanol. 9 The imidazolium-pyridinium salts, i.e.
1-methyl-3-(1-methyl-imidazolium-3-yl)-pyridinium diiodide [Me 2 impy(I) 2 ], 1-ethyl-3-(1-ethyl-imidazolium-3-yl)-pyridinium diiodide [Et 2 impy(I) 2 ] and 1-isopropyl-3-(1-isopropyl-imidazolium-3-yl)-pyridinium diiodide [Pr 2 impy(I) 2 ], were prepared by a two-step procedure employing Ullmann coupling of imidazole with 3-bromopyridine, followed by addition of an excess of methyl, ethyl and isopropyl iodide in refluxing acetonitrile, respectively. 13 OLED Fabrication. Commercial organic materials purchased from Nichem were subjected to temperature-gradient sublimation under high vacuum before thermal evaporation. All the p-type conducting, organic, and metal layers were consecutively deposited onto the ITO-coated glass substrate under a base pressure of < 10 -6 Torr.
The deposition system enabled the fabrication of the complete device structure without breaking the vacuum. The active area was defined by the shadow mask (2 × 2 mm 2 ). Current density-voltage-luminance characterization was measured using a
Keithley 238 current source-measure unit and a Keithley 6485 picoammeter equipped with a calibrated Si-photodiode. The electroluminescent spectra were recorded using an Ocean Optics spectrometer.
Results and Discussion
Syntheses and Characterization. Three imidazolium-pyridinium pro-ligands with distinctive alkyl substituents, i.e. Me 2 impy(PF 6 ) 2 , Et 2 impy(PF 6 ) 2 , Pr 2 impy(PF 6 ) 2 , were prepared from Ullmann coupling of imidazole and 3-bromopyridine, addition of methyl, ethyl or isopropyl iodide and, metathesis with hexafluorophosphate following literature method (Scheme 1). 13 Preparation of the heteroleptic Pt(II) complexes using both imidazolium-pyridinium pro-chelate and dianionic biazolates involves a two-step process. First, the impy pro-ligand is treated with Pt(DMSO) 2 Cl 2 in presence of NaHCO 3 to afford the hypothetical intermediates [Pt(impy)Cl 2 ], impy = imidazolylidene-pyridylidene (impy), which can be collected as colorless powder upon addition of excess of water and characterized using 1 H NMR spectroscopies.
However, for typical manipulation, the DMSO solution of intermediate was directly (5) respectively, where the alkyl substituent on pyridylidene was transformed to a hydrogen atom. This product selectivity seems to be highly dependent on the both impy chelate and dianionic bipyrazoles, which is evidenced by the isolation of both Pt(II) derivatives (6) and Pt(EtimHpy)(biepz)] (7), upon employment of Et 2 impy(PF 6 ) 2 and C 2 F 5 substituted bipyrazole biepzH 2 . Their structural drawings are depicted in Scheme 2 for scrutiny.
Scheme 2. Structural drawings of the studied Pt(II) metal complexes 1 -7.
All Pt(II) complexes 1 -7 were found to be stable in solution and in air, hence, The molecular structure of 5 is depicted in Figure 3 . Due to the reduction of inter-ligand interaction by removal of the isopropyl group on the pyridylidene, there exist two H-bonding interactions between the H-coordinated pyridylidene and adjacent pyrazolate (i.e. N(4)···H(3) = 2.035(4) Å) and between the isopropyl group of -14 -imidazolylidene and the second pyrazolate (c.f. N(7)···H(9) = 2.075(4) Å). Moreover, in contrast to the nearly equal Pt-C carbene distances observed in Pt(II) complexes 1 and 2, a result of imposed positional disorder, the Pt-C pyridylidene distance of 5 (1.948(5) Å) turns substantially shorter than the Pt-C imidazolylidene distance of 1.994(5) Å.
Alternatively, the shortening of Pt-N(5) over Pt-N (6) C has led to the exclusive formation of 7 thus alkene elimination can also take place from 6 to 7.
-15 - Table 1 , are due to the rigid, solid-state lattices that are capable of destabilizing the metal-centered dd excited states that reduce the non-radiative quenching. 23 As shown in Figure 5 , Pt(II) complex 1 showed a featureless emission with peak maximum located at 462 nm, which is independent to the solid morphology, i.e. either as polycrystals or as powders. This result may be attributed to the lack of intermolecular Pt•••Pt stacking interaction due to the puckered peripheral arrangement of mepz chelate.
In sharp contrast, the polycrystals of 2 showed a peak maximum at 475 nm, with a longer wavelength shoulder extended down to 550 nm, this broadened emission profile is due to the co-existence of both segregated and aggregated species as in the The polycrystals of 3 also showed an emission at 466 nm for which the slight blue-shift could be attributed to the more electron-withdrawing C 2 F 5 groups in biepz chelate versus the CF 3 substituents in bipz of 2. Again, after pulverization of sample, the peak at 466 nm diminished in intensity and the main emission is red-shifted to 569 nm ( Figure 5 and S1(c)).
-17 -
The sublimed powder of 6 revealed a broadened emission envelope with maximum at 539 nm, which is considerably blue-shifted compared to both powdered 2 and 3. This observation can also be understood by the reduced stacking and Pt•••Pt interaction imposed by both the bulky Et 2 impy and biepz chelates. However, single crystals of 6 could not be obtained to probe the dependence between emission and morphological appearance for 6.
The emissions of 2 were also recorded in PMMA matrix at RT to confirm the spectral patterns observed in both the polycrystals and powders. As shown in Figure   6 , with 2 wt.% of 2 in PMMA the spectrum is identical to that recorded for polycrystals. The band at 475 nm gradually diminished, while the longer wavelength emission band gained intensity upon increasing the doping concentration. At 25 wt.%, the peak profile becomes superimposable to that of powder sample, confirming the occurrence of MMLCT emission expected for the aggregated species. The emissions of 3 in PMMA matrix were not examined due to the relatively poor emission intensities for 3. Figure 7 shows the emission spectra of Pt(II) complexes 4, 5 and 7, all with the distinctive H-bonded pyridylidene unit. The Pt(II) complex 5 is the only compound where the crystalline form could be obtained. The polycrystalline sample gave an extremely broadened emission profile, alone with shoulder at 470 nm and a peak maximum at 525 nm ( Figure S1(d) ). After grinding the sample, the emission max. was red-shifted to 535 nm, consistent with the formation of highly aggregated species and, remarkably, both observed and radiative lifetimes were notably reduced to the sub-microsecond range (c.f. Table 1 ). This tendency may be related to the increased Pt•••Pt interaction and enhancement of MMLCT transition character as mentioned earlier. 24a-24i This property should be advantageous in improving the OLED performances, particularly in searching for the non-doped emitters with higher brightness and reduced emission lifetime, and the OLEDs with the reduced efficiency roll-off at the higher driving voltages.
-18 -Both Pt(II) complexes 5 and 7 showed highly similar emission spectra as 2 dispersed in PMMA matrix. At lowered conc. between 2 wt.% and 10 wt.%, there are high energy emissions attributed to the segregated species in PMMA. Interestingly, the presumed segregated (monomer) species of 7 is observed even though the crystalline form of 7 could not be obtained. Nevertheless, the intensity of the high energy emission intensity for 7 is much less than that of 5. This implies that the higher propensity for 7 to form the aggregated species compared to 5, due to the Table S1 ). However, an X-shaped geometry for 2 is favored computationally while a bowed-shaped geometry is observed in the crystal structure of 2 (Figure 8 ).
An X-shaped geometry based on [Pt(bph)(bpy)] (cf. Chart 3) was computed using model chemistries while a bowed-shaped geometry of [Pt(bph)(bpy)] was determined by X-ray crystallography in a recent study which concluded that crystal packing is responsible for the bowed-shaped geometry. 22a As 2 interaction observed in these compounds especially for 2 to see if a bowed-shaped geometry is favored over the X-shaped form ( Figure 9 ). It was necessary to include the Grimme dispersion correction (GD3) for realistic modelling of the crystal packing effects here. Without GD3 at B3LYP, the molecules in the dimers and trimers do not stack on optimization.
Chart 3. Structural drawing of [Pt(bph)(bpy)] and Pt(II) model complex 8.
The trimer [2] 3 shows that a bowed molecule of 2 is favored when two molecules of 2 were stacked in contrast to the optimized X-shaped molecule of the monomer 2 (Figures 8 and 9 , Table S1 ). Clearly, the stacking plays an important role in determining its shape. The influence of the bulky isopropyl groups is obvious on (Table S2) . Table 2 Gaussian curve deconvolution analyses on the observed absorption spectra, the fit between calculated and observed lowest energy bands is acceptable ( Figure S5 and Table 3 ). The predicted emission data are based on the assumption that there is little change in the excited state (T 1 ) with respect to ground state (S 0 ) geometries and thus the nature of emissions mirror the nature of absorptions. When the Stokes shift energies are factored in, the agreement between observed emission data for the crystalline forms ( Figure S6 ) and computed emission data is very good. Electronic structure calculations and TD-DFT predictions on these dimers gave similar data as for the monomer 8 as expected from a recent study on monomers and dimers of platinum(II) complexes. 25 The data here thus do not explain the observed low energy emissions for 2-7. Different computation results have been reported from monomer and dimers for a platinum complex elsewhere but a pure DFT functional (PBE0) was used for TD-DFT on dimer geometries that were optimized at the hybrid DFT functional (B3LYP). of C is largely on both platinum atoms (78% contribution to HOMO) whereas the LUMO is located largely at the pyridylidene fragment with a 7% Pt contribution (Table   S3 ).
TD-DFT data on these T 1 dimer geometries predict the energy emissions of 687, This observation can be understood by the higher HOMO of 26DCzppy, which was estimated to be 6.05 eV. Hence, the higher carrier injection barrier between -24 -HTL/EML interface, i.e. between TAPC and 26DCzppy layers, resulted in the higher driving voltage in the 26DCzppy-based OLEDs.
Lowered operating voltages are essential for better performance. Consequently, MoO 3 is incorporated into the hole injection layer to reduce the driving voltages. with non-doped emitting layer (e.g. devices A2 and B2) were also fabricated to serve as the comparative example. 34 To prevent exciplex formation in both devices A2 and B2, 5 nm-26DCzppy as an electron blocking layer (EBL) was inserted such that the total thickness of HTL+EBL was maintained at 40 nm. Figure 13 presents the structural drawings of the materials used for device assemblies, along with their schematic architectures. Figure 14 and Table 4 summarize the essential EL characteristics and numerical data of all OLED devices. As depicted in Figure 14(a) , the EL spectrum of device A2 using 100 wt.% of 4 was red-shifted by about 40 nm versus the device A1 with 8 wt.% of 4. Moreover, device A2 had a much larger full width at half maximum (FWHM) of 102 nm, versus 82.5 nm as recorded for device A1. These results indicate the propensity of 4 in forming relatively more aggregated species in the non-doped thin film. 5c In contrast, devices B1 and B2, i.e. those fabricated using phosphor 5 at 8 wt.% and 100 wt.%, presented similar EL profile, indicating that the isopropyl group of 5 exerts a greater effect against the aggregate formations versus complex 4 with smaller ethyl substituent. 35 Alternatively, the slightly blue-shifted emission of device B2 versus B1 might be due to the optical interference induced by changing the recombination zone. 36 As shown in Figure 14 (b) and Table 4 Furthermore, the charge carrier-exciton interaction may also cause the detected quenching, as the carrier transport has imposed strong influence on both carrier recombination and carrier balance. 
Conclusion.
In conclusion, we have synthesized Pt(II) complexes bearing both functional impy chelate and dianionic biazolate chelates, showing distinctive solid-state photophysical properties that depend on the alkyl substituents of the impy chelate.
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